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Experimentshavebeenconductedtodetermineaverageskin-friction
coefficientsintheabsenceofheattransferforcompletelyturbulent
flowslongthecylindricalportionof cone-cylinderbcdiesofrevolution
havingover-allfinenessratiosof10,15,and25. Thefrictiondata
wereobtainedby directlymeasuringforces.Numerousboundary-lsyersur-
veysweremadeto enables21datatobebasedonan effectivestsrting
positionoftheturbulentflow.Machnumbersof0.5,0.8, 2.0,2.5,2.9,
3.4,and3.6,andReynoldsnumbersbetweenkmillionand32millionwere
investigated.At a Machnumberof2.0,datawereobtainedfordifferent
pressuredistributionsby distortingtheflexible-platewsllsofthewind
tunnel.

Theresultsshowno significanteffectonaverageskin-frictioncoef-
ficientof smallchangesinpressuregradient.Atbothsubsonicand
supersonicvelocities,theskin-frictioncoefficientdependsonlyto a
smallextenton cylinderlength-diameterratio.Foreachlength-diameter
ratio,however,theeffectofMachnumberislarge,amountingtoapproxi-
matelya n-percentreductionin skin-frictioqcoefficientas theMach
numberisincreasedfromO to 4. ThiseffectofMachnuniberdoesnot
dependsignificantlyonReynoldsnumberor cylinderfinenessratio.

Comparisonwithsimilsrexperimentsonflatplates,primarilythose
ofColes,showsgoodagreementas totheeffectofMachnumberonskin
friction,althoughthevelocityprofilesmeasuredon cylindersare
appreciablydifferentfromthoseona flatplate.Determinationsof
frictionby themomentummethoddifferedconsiderablyfromthemorereli-
abledirect-forcemeasurements.

INTRODUCTION

Oneoftheinterestingaspectsofaverageskin-frictionmeasurements
forturbulentboundarylayersistheunusuallyextensivehistoryofexper-
imentsconductedinthisfield.A comprehensivesurveyofthenumerous
experimentsmaybe found,forexample,intheoften-citedpaperof
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Schoenherr(ref,1)whichcoveredmeasurementspriorto 1932.Morerecent
surveysby Locke(ref.2) andHughes(ref.3)havecoveredmeasurements
madeinthesubsequent20 years.An accuratelmowledgeof skinfriction
forturbulentincompressibleflowhas,of course,longbeenofconcern
inthefieldofnavalarchitecture,withtheresultthatmeasurementsof
surfaceskinfrictiondateatleastas farbackas someexperimentsof
Beaufoyconductedneartheendofthe18thcentury.Whentheseearly
dataarereducedtodimensionlesscoefficientformandplottedas a
functionofReynoldsnuniber,theresultingagreementwithrecentmeasure-
mentsissurprisinglygod. (Seerefs.1 and2.)

Theoreticalinvestigationsof skinfrictionforturbulentflow,on
theotherhand,areofcomparativelyrecentorigin.It iswellknownthat
thesemiempiricalmixing-lengthanalysesofvonK&m&n andPrandtl,
advancedappro~~ely 20 yearsago,yieldfairlyaccuratepredictionsof
turbulentfrictionfora flatplatein low-speedflow.Interestingly
enough,though,subsequentdetailedhot-wiremeasurements,suchasthose
ofLiepmannandLaufer(ref.4)andTownsend(ref.5),haveindicatedthe
fundamentalmixing-lengthhypothesistobe incorrect.Thegooda~eement
betweenpredictedskinfrictionandexperimentcanbe attributedin con-
siderableparttothefactthatmixing-lengthanalysesyieldarbitrary
constantsof integrationwhicharefreetobe adjustedby comparisonwith
experiment.Withconstantsempiricallydeterminedfromfrictionmeasure-
ments,thecorrespondingvelocityprofilespredictedbymixing-length
theoryusingthesessmeconstantsdonotagreewellwithmeasurements
exceptovera limitedportionoftheboundarylayer.Thiswasnotedby
Gurjienko(ref.6)andisappsrentinalmostallmeasurementsdatingfrom
thoseofSchultz-Grunow(ref.7)up to themostrecentanddetailed
measurementsofKlebanoff(ref.8).

Themostsatisfactoryanalyticaltreatmentofthelow-speedturbulent
boundarylayerona flatplatedoesnotutilizemixing-lengthsuppositions,
butcombinesinsteadtwoempiricallawsconcerningthesimilarityof
velocityprofiles:theso-called“wall”lawwhichwasformulatedby
Prandtl,asnotedinreference9,andtheso-called“velocity-decrement”
lawwhichwasfirstobservedforpipeflowbyDsrcyalmost100yearsago
(ref.10),thenrediscoveredby Stanton(ref.11)forpipeflow,andlater
observedbyFritsch(ref.12)forchsmnelflow.Forthespecialcaseof
boundary-layerflowofanincompressiblefluidalonga flatplate,the
analyticalexploitationofthesetwosimilaritylawstopredictskin
frictionandotherimportantturbulentboundary-layercharacteristics
wasinitiallygivenby K&m& (ref.13). Thefundamentalbasisofthis
velocity-profilesimilaritymethod,whichistotallydifferentinprin-
ciplefromthemi=g-lengthmethcdofK&m&l,hasbeendiscussedby
Millikaninreference14. A detailedreviewofthecombinedwalllawand
velocity-decrementlaw,includingutilizationoftheequationsofmotion
to calculatetheshear-stressdistributionacrosstheboundarylayer,may
be foundintheYecentthesisofColes(ref.17).
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An activeinterestofaerodynamicistsinthebasicknowledgeof
turbulentboundarylayershasbeenrevivedbecauseofthenecessity0$
extendingmethodsofpredictingincompressibleboundary-lsyercharacter-
isticstoh.ighMachnuniberswherelargevariationsindensi~occuracross
theboundarylayer.S~arity lawsforthevariationofmeanproperties
acrossa turbulentboundarylsyerincompressibleflowhavenotasyet
beenfound,althoughColeshasformulateda generalizationofthewall
lawwhichinvolvesanunbownfunctionofMachnumbertobe determined
fromexperiments.In theabsenceofdetailedexperimentstoprovidea
soundfoundationforanalysis,recoursetomixing-lengthcalculationsand
similarunprovenhypotheseshasbeenmadeintheyastby a numberof
investigatorsinanattemptto obtaininformationabouttheturbulent
boundarylsyerathighMachnumbers.Theresults,unfortunately,have
beenahost asvsriedasthenumberof investigators.Thisisindicated
by figure1 whichshowstheresults(seerefs.16 to 31)ofvsrioustheo-
reticalanalysesof skinfrictionon an insulatedplatein compressible
turbulentflow.1Sincea briefdiscussionoftheseanalyseswasprovided
inasummaryreportofthepresentresearch(ref.36)andslsomaybe
foundinmoredetailinColes~thesis(ref.15),nofurtherdiscussion
isgivenhere. Itwilll.suffice,instead,to emphasizeonlywhatisclearly
ind.icatedbyfigure1;nsmely,thepresenttheoreticallmowledgeoftur-
bulentboundarylayersincompressibleflowis severelylimited.

Thepracticalreasonsforrequiringdetailedknowledgeofturbulent
skinfrictionathighMachnuuibersaretwofold.Thefirstconcernsthe
obviousdirectapplicationtodragand,hence,performanceestimations.
Thesecond,whichisbecomingof increasingpracticalimportance,con-
cernstheapplicationtoheat-transfercalculations,ortheso-called
“aerodynamicheating”probla. Althoughvariousestimatesofheat-
transferrate(seeRubesin’scompilationinref.37orthecompilation
ofcurvesinref.36)areaboutequallyasvariedasthoseof skin
friction,they,nevertheless,haveonecharacteristicin common:a cal-
culationofheattransferfirstrequiresa lmowledgeof skinfriction.
Averageskin-frictionmeasurementscube useddirectlyto estimate
averageheat-transferratesforconditionsof constantsurfacetemperature.
Suchmeasurementsalsocanbeusedindirectlyas a guideinestimating
localskinfrictionandlocalheattransfer,thetwofundamentalquantities
usedinpracticalcalculationsforconditionsofvariablesurfacetem-
peratureandpressure.

In cognizanceofthelimitationsofpresentturbulencetheoryandthe
necessityofknowingskinfrictionbeforeeitherdragorheattransfer
lNotindicatedonthisplotaretheresultsofDor~dnitsyn(ref.32)and
andKalikbman(ref.33)whichcoincidewithK&man‘sestimation,and
theresultofTetervin(ref.34)whichpredictsno effectof compres-
sibility.Alsonotshownarethe“power-lawgeneralization”ofCope
(ref.18)whichistediousto computeathighMachnumbersbecauseof
poorseriesconvergence,andtheanalysisofDonaldson(ref.35)which
apparentlywasnotcarriedfarenoughtopredicttheeffectofMach
numberforconstant-lengthReynoldsnumber.

.- ——- —
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canhe estimated,numerousmeasurementsof turbulent
compressibleflowhavebeenmadeduringthelastfew
connection,referenceismadetothemeasurementsof
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skinfrictionin
years.In this
Wilson(ref.21);

Rubesin,M&dew,andVarga(ref.2’5);LiePm&nandDhawan(ref.28);
Coles(refs.15and39);BrinichandDiaconis(ref.kO);Bradfield,
DeCoursin,andBlumer(ref.41);Cope(ref.42);WeilerandHartWig
(ref.43);Spivack(ref.~); MonaghanandJohnson(ref.45);Ladenburg
andBershader(ref.~); Bloom(ref.47);andHakkinen(ref.~). Results
of thesemeasurementsarediscussedlater,especiallythoseof Coles.

Thepurposeofthepresentinvestigationwastomeasuretheaverage
frictionforturbulentflowalongtheexternalsurfaceofrelativelylong
cylindricalbodiesofrevolutionatbothsupersonicandsubsonicspeeds.
Forlongcylinderstheboundary-layerthicknessbecomescomparabletothe
cylinderradius,underwhichconditionsappreciabledeparturesfromflat-
plateskin-frictionvalueswouldbe expected,accordingtotheanalyses
ofJakobandDow (ref.w), Landweber(ref.50)~andEckert(ref.51).
Consequently,inthepresenttestsvariouscylinderswereinvestigated
ranginginlengthfrom8 to23diameters.Theinclusionof subsonic
measurementsasan integralpartoftheinvestigationwasbelievedneces-
saryforanaccurateevaluationoftheeffectofMachnumber,sinceade-
quateskin-frictiondatawerenotavailableforincompressibleflowalong
cylinders.Itwasconsidereddesirable,further,todeterminethefYic-
tionby measuringforcesdirectly,ratherthantodeducethefriction
indirectlyfromboundary-layersurveysaccordingto themomentummethod.
As willbe seenlater,thesetwofeaturesprovedquitevaluableinmini-
mizingseveraluncertaintiescommontomostpreviousinvestigations.

Thepresentexperimentswereinitiatedin1949,thoughthetechnique
ofmeasurementfinallyemployedwasnotdevelopedsatisfactorilyuntila
yearlater.Thedatapresentedhereinwereobtainedduring1950-52.
Someoftheprincipalresultshavebeensummarizedpreviouslyinreference
36.

NOTATION

force
CF averageskin-frictioncoefficient,

(1/2)P=u=2(wettedarea)
2TW

Cf localskin-frictioncoefficient,—a .-9

D cylinderdiameter

f frictionforceon cylinderof

m frictionforceon cykhiierof

1 lengkhofcylinderoverwhich

&%-

length1

lengthAZ

frictionforcewasmeasured

—
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Machnumber
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basepressure(averageofreadingsfromfiveorifices)

totalpressurebehindnormalshockwave

Reynolds-number

Reynoldsnumber

temperature

velocity

basedonmomentumthickness

distancefromsurface

boundsry-layerthickness

boundary-layermomentumthicknessforcylinder,

coefficientofviscosity

kinematicviscosity,$

massdensity

shesrstressatwall

Subscripts

incompressibleflow

conditionsat stationO
(Seefig.2 andtableI.)

localconditionsat outeredgeofboundarylayer

of

.—.- . ._ .——— — — - .—. .— _—- ——
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m averageof conditionsat outeredgeofboundarylayerwer
lengthL

w conditionsatwsll

t totalconditions

APPARATUSANDTESTMETHODS

Windl’unnels

TestswereconductedintheAmes1-by 3-footsupersonicwindtunnels
No.1 andNo.2. WindtunnelNo.1 is oftheclosed-circuit,continuous-
operationtypeequippedwitha flexible-platenozzlethatprovidesa vari-
ationofMachnuniberfrom1.2to2.2. TotalpressureintunnelNo.1 can
be variedtoprovideReynoldsnu@ersfrom1 millionto 10millionper
foot. WindtunnelNo.2 isofthenonreturn,intermittent-operationtype
alsoequippedwitha flexible-platenozzletopruvidea variationof
MachnuniberfromO.5to 3.8. Compressedairata~ pressureof
6 atmospheresisobtainedfroma reservoirandisexpandedthroughthe
nozzleto atmosphericpressure.Thetotalpressureis controlledbymeans
ofa throttlingbutterflyvalvebetweenthereservoirandthetunnel
settlingchamber,providinga vsriationofReynoldsnuaiberfrom7 million
to20millionperfoot.

.

Primarilybecauseofthethrottlingmethodemployed,thetunneltur-
bulencelevelintheNo.2 tunnelismuchhigherthanthatintheNo.1
tunnel.Someunpublishedhot-wiremeasurementsmadeby HowardA. Stine
oftheNACAAmesLaboratoryhaveindicatedtheturbulencelevelinthe
No.1 tunneltobebetween2 and3 percentasmeasuredintheresenoir
ata locationwherethevelocitywasoftheorderof15 feetpersecond.
Intheone-yesrintervalbetweenthelastoftheskin-frictionmeasure-
mentsandtheserecenthot-wiremeasurements,theNo.2 tunnelwascom-
pletelyrevised.Consequently,recenthot-wiremeasurementsintheNo.2
tunnel,whichindicatetheturbulencelevelatthetimeofthiswriting
tobebetween2 and10percent,dependingonoperatingconditionsof
totalpressureandMachnmnber,donotapplytodatapresentedinthis
report.As a resultoftherevisions,though,it isknownthatthe
transitionReynoldsnumberon a 10°cone(measuxedby themethoddescribed
inref.52)wasincreasedseveralfold. It isbelieved,therefore,that
theturbulencelevelfortheNo.2 tunnelas itexistedduringtheskin-
frictionmeasurementswasconsiderablygreaterthanthatfortherevised
tunnel.Itwillbe shownlaterthatthedifferenceinturbulencelevels
ofthetwowindtunnelshadnomeasurableeffectonturbulentskinfric-
tionata Machnumberof2.
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Thewatercontentoftheairinbothwindtunnelswasmaintainedat
lessthan0.0003poundofwaterperpoundofdryair. Consequently,no
correctionwasmadeforhumidityeffects.

ForceMeasurements

Thefrictionforce f actingalonga cylinderoflengthZ and
dismeterD wasdeterminedfromtwodragmeasurementsby subtracting
theabsoluteforedrag(sumofmeasureddragforcean’dtheproduct
pbfiD2/4)ofa shortcone-cylinderoflengtht? fromthatofa much
longercone-cylinderoflengthz-t-2t.(Seefig.2.) Photographsoftwo
modelsemployedme showninfigure3. Modelswereanodize-finished
aluminumandappearblackinthephotographsas contrastedwiththe
cadmium-platedshrouds.Foreachmodelthecylinderdiameterwas1 inch
andtheincludedconeanglewas20°. Threedifferentlengths2+2Ywere
investigated:10,15,and25 inches,.asmeasuredfromthetipofcone
tobaseof cylinder.In thefinal CF datatobe discussedbelow,these
lengthscorrespondedto cylinderfinenessratiosofapproximately8,13,
and23,respectively.Itwasfoundnecessarytoprovideboundary-lsyer
tripsinordertoassurea turbulentboundarylayerinsllbuta few
testconditions.Thetripsemployedwillbe discussedlater.Themagni-
tudeofthefrictiondragwasbetween20percentandX)percentofthe
over-allbodydragandisbelievedtohavebeenmeasuredtitha correspond-
ingaccuracyoffrcmlpercentto2 percent,dependinguponlength-
diameterratioandtestconditions.

Totaldragwasmeasuredby meansofa three-cowonentelectrical-
strain-gagebalancewhichhadbeenespeciallyadaptedtothemeasurement
of axialforceforthepresentinvestigation.Thebalanceandsupporting
stingswereshieldedfromtheoncomingflowby shroudsinthemanner
shownby thephotographoffigure3. Thecylinderswerealinedwiththe
shroudsby theuseofball-bearingguidesthroughwhichthestingswere
passed.

Basedragwasmeasuredby meansoffivebase-pressureorifices
connectedto a multdmanometerusingdibuta.iphthalateasthemanometer
fluid. Threeoftheseorificeswerelocatedevenlyspacedintheface “
of eachshroud,thefourthbeinglocatedonthesting,andthefifth
insidethebalancechmiber.In ad’ditiontodeterminingthebasedrag,
thefivepressuremeasurementsprovideda sensitiveindicationofaline-
mentof cone-cylinderswithshroudsandslsoconfirmedtheabsenceof
leaksinthebalance-shroudenclos~e.No dataweretakenunlessthe
fivebasepressureswereinessentialagreement.A referencetubeofthe
manometerwasconnectedtoa vacuumpumpduringsupersonictestingbut
wasleftopentotheatmospherewhenoperatingat subsonicspeeds.A
McLeodgagewasusedtomeasurethepressureofthevacuumreference.

— —.-— —
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Apexesofthetwocone-cylindersneededforonefriction-force
measurementweremadeto occupythesanepositioninthetunneltest
section,therebyelhinatingtheneedofandal buoyancycorrection.
Thistechniquealsoenabledaxialpressuredistributionalongthecylinder
overwhichthefrictionforceactedtobemeasuredby eightequallyspaced
orificeslocatedinthatportionoftheshroudsurfacewhichcorresponded

.

tothecylinderoflengtht. Static-pressuredistributionsobtainedin
thismannerwerefoundto agreewiththosemeasuredon a similarcone-
cylindermodelwithouta gap.

AUowancewasmadeforthefactthatthetwodragmeasurementsused
indeterminingthefrictionforce f weremadeduringtwoseparateruns
underslightlytifferentconditionsoftunnelpressureandtemperature.
Fairedcurvesoftheabsoluteforedragcoefficientoftheshortcone-
cylinderplottedagainstReynoldsnumberperunitlengthwereusedto
determinetheabsoluteforedragat theparticularReynoldsnumbercor-
respondingtothedragmeasurementofthelongcone-cylinder.

Thedraggagewascalibratedpriorto eachday’stesting,anda check
ofthebalancewasmadebeforeandaftereachtestto assurethatthe
frictioninthebalancesystemwasnegligiblewhilemeasuringforces.
Thispracticeshowedthatperiodiccleaningofthebalancewasessential
tothe”satisfactorymeasurementofthefrictionforce.Furtheruncertain-
tieswerenddmizedby repeatingeachsetofmeasurementsat leastonce.

MethodofDeterminingEffectiveReynoldsNumber
andCorrectedSkin-FrictionCoefficient

As indicatedinthecentersketchof figure2, theboundsry-layer
thicknessat theleadingedgeofthecylinderoverwhichthefriction
force f wasmeasuredwasnotzerobutsomevalue 80. Hence,toprovide
a commonbasisofcomparison,itwasnecessaryto applycorrectionsin
order-toconverttheforcemeasurementsto conditionsofcompletelytur-
bulentflowstartingwithzeroboundary-lsyerthicbessattheleading
edgeof a cylinder.Forthispurposeonecanimaginethecylindrical
surfacetobe etiendedupstreama shortdistanceAZ (seebottomsketch
infig.2) suchthattheturbulentboundsry-layermomentumthichess
developedoverthelengthAl justmatchesthemomentumthickness00
correspondingtotheboundary-layerthiclmess5.. Boundary-layersurveys
intheplaneof stationO,as illustratedinthesketchsecondfromthe
bottominfigure2,wereusedto determineboundary-layerprofilesfrom
whichAZ andthecorrespondingfrictionforceAf werecalculated.
Thesurveysshowedthat e. dependedon &, Re,noseshape,etc.,ina
complicatedmannerthatcouldbe determinedonlyby measurement.As a
result,itwasnecessaryto obtainboundary-layersurveysinthisposition
foralltheconditionsunderwhichthedirect-forcemeasurementswere
obtained.Thisprovedtobe a the-consumingtasksinceitinvolved



2K

.

NACATN 3097 9

makinga totalofabout270boundsry-layersurveys.me smallfriction
forceAf thatwouldactoverthelengthAl wasreadilydetermined
fromtheequation

Af = fiDPo~2Go

whichrepresentsconservationofmomentum.ThelengthAZ wasdetermined
froman equivalentformof themomentumequation

200
Al=—

CFo

Actually,theskin-frictioncoefficientCF , basedontheReynoldsnumbero
UOA1/VO,wasnotknownuntilAl waslmown~Hence,themethodofdeter-
miningCFOandAZ was,inprinciple,an iterativeone,usingthe
equation

CFO= cFio(-)
%

%~

with CFio evaluatedat a Reynoldsnumberu@/vo fromtheK&&n-
Schoenherrequation

0.242 . z%lo (RecFi)
r cFi

in conjunctionwiththeratio(CF/CFi)evaluatedat an arbitraryReynolds
numberfroma plotofuncorrectedforcedata(thislatterratiodoesnot
dependsignificantlyonReynoldsnumber).It turnedoutthatthecor-
rectionsAZ andAf weresufficientlysmallandthecorrectionmethod
so rapidlyconvergent,that>afterthefirstfewtrials,iterationwas
foundtobe unnecessary.

Theaverageskin-frictioncoefficientCF andcorrespondingReynolds
numberRe employed
andthetotalforce

Referencequantities
at theouteredgeof
weredeterminedfrom

throughoutarebasedon%he total.lengthL = 2+AZ
f+.dfaccordingtothedefiningequations

f+Af-.

‘x (1/2)p=~2[fiD(Z+AZ)]

Um(l+AZ)
Re = Vm

suchas M, P.,%, ~d v. correspondto conditions
theboundsrylayeraveragedoverthelengthL. These
measurementsoftotslpressure,staticpressure,

— — ——
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totaltemperature,andthe
s=21L6°Rand u= 0.361x
tobe a perfectgas.

Sutherlandequation
10-8lb secft-2at

NACA‘llJ3097

forviscosity(with
500°R),assmingtheair

Sinceitisnotpossiblein anyexperimentto obtainfullydeveloped
turbulentflowstartingpreciselyattheleadingedge,someassumption .

inevitablyis involvedinanymethodofdeterminingtheeffectivestarting
positionofturbulence,eventhoughthemethodappearstobebasedon
measuredquantitiessuchasmomentumthickness.Themethoddescribedabove
isbasedontheassumptionthattheratio CF/CFidoesnotdependsig-
nificantlyonReynoldsnuniber.Thisassumptionshouldbe reasomiblefor
theReynoldsnuuibersoftheinvestigation.(ThelowestReynoldsn@er
atwhichthestating-lengthcorrectionwasappliedwas0.4x 106.) Other
methodshavebeenemployedwhichinvolvedifferentassumptions(seerefs.
15,21,25,45,ad 46). Noneofthemethodsisexact.Hence,inorder
to obtainaccurateandconsistentdata,it isnecesssrythatthestarting-
lengthcorrectionbe sufficientlysmallsothatvariouscorrectionmethods
wouldyieldsubstantiallythesameendresult.Suchconditionsweremet
inthepresentexperimentsinasmuchas thestsrting-lengthcorrectionto
skin-frictioncoefficientwasrelativelysmall.Thiscorrectiongenerally
decreasedwithincreasingMachnumber,
for L/D= 8, 6 and2 percentfor L/D
L/D= 23. In themostextremecase,a
itselfwouldintroducel-percenterror

vsryingbetween10 snd3 percent
= 13,and4 and1 percentfor
10-percenterrorinthecorrection
in ~.

Boundary-LayerSurveyApparatusand
ReductionofSurveyData

Theapparatususedinobtainingallsiuweymeasurementsis shownin
thephotographoffigure4 whichillustratesthepositionofthevsrious
componentsoftheequipmentwhilemakingboundary-layersurveysinthe
planeof stationO. Dimensionslocatingthisstation,aswellasthe
otherstationsatwhichsurveysweremade,aregivenintableI. Thesur-
veyinstrumentconsistedessentiallyofa housingpinnedto a supporting
member.A boundary-layerprobewhichwasattachedtothehousingcould
be movedina verticaldirectionsincethehousingcouldbe rotated
approximately2° intheverticalplanepassingthroughthetunnelaxis.
Becausetheprobeopeningwaslocatedabout15 inchesupstreamofthe
pivotpin,theprobemouthcouldbe consideredtomoveina straightllne.
Motionwasprovidedby theuseofan electricmotorlocatedoutsidethe
windtunnelandconnectedtothesurveyinstrumentby a flexibleshaft.
Speedreductionwassuchthatpositionintheverticaldirectioncouldbe
controlledto about0.0005inch.

Twoprobeswereused,thedimensionsofwhicharegiveninthetable
of figure5. Theseprobeswereconstructedof stainless-steelhypodermic
tubingfollowingthespiritofthesuggestionsofreference53. Timelags
oftheorderof5 secondsforthehighestMachnumberanda fractionof
a secondforthelowestMachnumberwereobtained.
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Probe-openingpositionandpitotpressureweredeterminedby an
electrical-resistancestraingageanda pressurecell,respectively,
bothofwhichwerelocatedwithintheinstrumenthousing.Thebaseof
thestraingagewasfixedto thesupportingmemberin sucha mannerthat
deflectionofthegagewasincreasedby downwardmovementof thehousing.
Characteristicsof thepressurecellemployedcanbe foundin reference
%. StaticPressure-sdetermined(withtheprobeoutsidetheboundary
layer)by meansoforificeslocatedinthesurfaceofthesurveymodelat
thevariousboundary-layersurveystations.At eachstationtwoorifices
werelocatedin a verticalplaneon oppositesidesof themodelfromeach
otherinorderto indicatethedegreetowhichthemodelhadbeen&lined
tiththestream.Thisprecaution,however,didnotassureobtainingiden-
ticalboundary-layersurveysfromthetopandbottomofthesurveymodel
exceptina fewcasesduetothehighsensititi~ofboundary-la~rpro-
fileto smallstreamangles.

Twomethodswereusedto determinethepointatwhichtheprobecon-
tactedthesurfaceofthesurveymodelinwindtunnelNo.1. Sincethe
surveyaodelwaselectricallyinsulatedfromthesurveyinstrument,the
pointatwhichcontactoccurredshouldhavebeenindicatedbya marked
decreaseintheresistancebetweenprobeandmodelasmeasuredby am elec-
tricalanalyzer.Actually,eithertheprobeor themodelvibratedsome-
whatsothatapproachingcontactwasatfirstindicatedby intermittent
indicationsof themeterand,as theprobecontinuedtowardthemodel,
themeanvalueof theindicatedresistancesteadilydecreaseduntilsolid
contactwasfinallymade. In orderto determinethevalueoftheresist-
ancewhichcorrespondedto effectiveprobecontact,theregionnearcon-
tactwasviewedfromoutsidethewindtunnelthroughthetelescopeofa
cathetometer.Thecombinedmethodsenabledthecontactpositiontobe
determinedwithan estimatedaccuracyof about0.001inchformeasurements
in theNo.1 windtunnel.IntheNo.2 windtunnel,theopticalmethod
couldnotbeusedandonlytheelectricalmethodwasemployedforthe
contact-positiondetermination.Consequently,theestimatedaccuracyof
thismeasurementintheNo.2 windtunnelwasof theorderof0.003inch.
Inasmuchas thecontactpositionwasusedas thezeropointof thebottom
surfaceof theprobe,theabsolutepositionoftheverticaJscaleisuncer-
tainby thisamount.At worst,suchanuncertaintycouldmeana 20-percent
errorin O.,witha correspondingerrorof 2 percentin CF. Theeffect
ofprobeormodelvibrationon themeasurementofpitotpressureisnot
known.

Competitionsnecessarytoobtainboundary-layervelocityprofiles
andotherboundary-layercharacteristicsfromthedataobtainedduring
surveyswerecarriedoutona card-programmedelectroniccalculatorwith
theusualassumptionsofPrandtlnumberequaltounityandconstant
staticpressurethroughthebounda~layer.Onedifficultyordinarily
encounteredwithboundary-layer
a longtablesearchisrequired
of staticpressure(p)topitot

,

computationsby thesemachines
forobtainingMachnumberfrom
pressure(pt’).Thisstep-s

is that
theratio
simplified

,

.———- .—.. —- ..–--——
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somewhatby emplo@ng23 stmight-linese~entsas anapproximationto
thecurveof (pt’-p)/~~2asa functionof p/pt’.‘Coordinatesof the
endpointsofthestraight-linesegmentsaregivenintableII,which
coverstherangeofMachnumbersfromzeroto infinity.

RE~T’SOF~ ‘TESTINGVKiXDITY
OF~ METHOD

Earlyin thecourseofmeasurementsitbecameapparentthatthe
uncorrectedskin-frictiondatadependedsignificantlyon suchthingsas
thesizeandlocationofboundary-layertrip,thelengthofnoseahead
of thecylindric~measuringsection,andtheparticularwindtunnelin
whichthedatawereobtained.Thissituationaroseprimarilybecausethe
locationof transition- and,hence,theeffectiveoriginoffullydevel-
opedturbulence- variedwithchangesineachoftheseconditions.It
washopedthatif theeffectiveoriginof turbulenceweredeterminedfor
eachtestcondition,andiftheproductionof completelyturbulentflow
by a boundary-layertripwereaswed, thenthefinalcorrecteddatawould
notbe sensitiveto thetechniquesemployedinobtainingthem.Numerous
supplementarytests,whicharediscussedbelow,weremadeinorderto
investigatesuchmattersandtherebyto determinethedegreetowhichthe
finaldatadependontheparticularexperimentalmethodsemployed.

TrippingDevicestoInsureTurbulentFlow

Surface-probepitot-pressuresurveyswithvarioustripsappliedwere
madetofinda satisfactorymethodof obtainihgcompletelyturbulentflow.
Dimensionsofthevarioustripsinvestigatedaregiveninfigure6. The
resultsfor Mm. 2.9 andforthelowesttunnelpressureemployedinthe
No.2 tunnelat thisparticularldachnumberareshowninfigure7. The
Machnumber(M)referenceusedintheordinateofthisfigureisthelocal
valuethatwouldexistininviscidflow,as determinedlythemethodof
characteristics.Itmaybe seenthattransitionon thesmoothbodyappar-
entlyoccurredbetweenabouth and7 inchesfromtheconetip. Conse-
quently,somedevice,suchasa boundary-layertrip,wasneededto obtain
a completelyturbulentboundarylayeroverthecylinder.A figure7
shows,trip6 movedtransitionupstresmsomebutnotenough.‘IYip3
appe=ssufficient,andtrip1,whichislocatedthefarthestupstream,
appearsmorethansufficientundertheseparticularconditions.

Althoughtrip5 wasadequateat & . 2.9,itwasnotadequateat
MCO=306= HP lprovedtobe adequateforeveryMachnumberandReynolds
numberinvestigatedin theNo.2 windtunnel;hence,itwasselectedfor
useinallfinalmeasurementsofturbulentskinfrictionconductedinthat
particulartunnel.In theNo.1 windtunnel,however,theturbulencelevel

,,

andReynoldsnumbersobtainablearemuchlower,anditwasfoundnecessary
to employtwotripsintandem(trips2 and4 provedadequate).
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As an incidentalnoteofpossibleinterest,thepointo?beginning
fuzzinessintheboundarylayeronvariousschlierenphotographs(not
shown)fromtheNo.2 tunnelwasinallcasesclosetotheapparentend
oftransitionindicatedby surface-pressuresurveys.Thiscorrelati~
isbelievednottobe a generalone,butdependentontheparticular
windtunnel,sincefaircorrelationwasobservedintheNo.1 tunnelwith
theapparentbeginningoftrsmitionindicatedby surface-pressuresurveys.

An independentdemonstrationofthestateofboundsry-layerflowat
thebeginningstationofmeasurement(stationO)wasprovidedbythe
boundary-layervelocity-profilesurveys.TypicalexamplesfromtheNo.1
tunnelareshowninfigure8. Withtheadditionof a trip,theactual
velocityprofiles.(usingy as ordinate,fig.8(a))werethickerthanfor
thesmoothbody;whereasthedhensionlessvelocityprofiles(usingy/e
as ordinate,fig.8(b))weremuchfullerthancorrespondingprofiles
withouta trip.Thefu21erprofilein (u/~,y/(3)coordinatesismore
clumacteristicofturbulentprofiles.Oncetheboun~ layerwasade-
quatelytripped,furtheraddftionsoftrippingdevicesonlyincreased
theboundary-layerthickness,butdidnotalteritsdhensionlessvelocity
profile.TypicaldatafromtheNo.2 tunnelwhichdemonstratethislatter
pointme showninfigure9(a),andtheresultsofmeasure~ntsof skin-
frictioncoefficientwithvarioustripsandwithouta tripareshownin
figure9(b). A curveisnotfairedthroughthetransition-regiondata
forthesmoothcone-cylinder(circlepointsinfigure9(b)),inasmuchas
thesedatawe believedto exhibitprimarilysuchthingsastheeffects
of turbulenceleveloftheNo.2 tunnel.Also,theparticularmethod
employedtodeterminetheeffectiveboundary-layeroriginisnotapplica-
bletotransitionalorlaminsrflow. It isapparent,though,thatthe
differencesin skin-frictioncoefficientbetweenvarioustripsarenot
large,andthatthetwodatapointsfornaturaltransitionat thehighest
Re~oldsnunibers(near20mi~ionfor L/D= 13)a~eedwelJ_withthe
dataobtainedfortrippedboundarylayers.

A comparisonofthevelocityprofileforthesmoothbodyinthe
No.1 tunnel(fig.8(b))withthatforthesamebodyintheNo.2 tunnel
(fig.9(a))showsmarkeddifferences.InbothcasestheReynoldsnumber
basedondistancefromconetipto stationO isabout2 million.Since
transitionona smooth10°coneat & = 2 beginsata Reynoldsnmiber
of 3.1millionintheNo.1 tunnel,andat0.7millionintheNo.2 tunnel
(seeref.52),itistobe expectedthata laminar-typeproffiewouldbe
observedintheNo.1 tunnelanda transitionalornear-turbulent-type
profilewouldbe observedintheNo.2 tunnel.Suchexpectationsare
borneoutby thedateoffigures8(b)and9(a).

A pointthatshouldbe notedfromfigure8 istheappreciablediffer-
encesometimesobtainedbetweenvelocityprofilesat thetopandbottom
surfacesofthecylinder.Thisdifferenceisdueto a verysmallmis-
al.inement(afewtenthsofa degee)ofthemodelaxiswiththeundisturbed
streamdirection.Thehighsensitivityofvelocityprofil.esto small
anglesofattackonbodiesofrevolutionhasbeennotedbeforeby several

———
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investigators,andindicatesthatthecircumferentialvariationin @
shouldbe determinedforsuchbodieswhenmeasuringskinfrictionby the
momentummethod.Suchvariationsdonotaffectdeterminationsof CF
by thedirect-forcemethodemployedinthisinvestigationbecausemeasure-
mentsof e affectonlythesmallcorrectiontotheforcedata.More-
over,suchvariationsdonotdirectlyaffecttheskin-frictionforce
measurements,sincethesewerefoundtobe independentofangle-of-attack
variationsup totheorderof *1O.

Effectof

Twodifferentnoseshapeswere

NoseShape

employedat Mm = 0.81 todetermine
whetherornotthesubsonicdatadependedmateriallyonthisparameter.
Althoughthemeasuredmomentumthicknessat stationO differedby a
factorofapproximately2 forthe@o noseshapesshowninfigure10,the
finalskin-frictiondatawereessentiallyindependentofnoseshape.
(Seefig.10.) Thisshouldnotbe surprisinginviewofthefactthat
theonlyappreciablealteratio~inpressuredistributionbroughtabout
by varyingnoseshapeareconfinedtoa smallregiondownstreamof sta-
tionO;hence,themaineffectonaverageskin-frictioncoefficientis
believedduetothedifferencesin eo,whichcanbecorrectedfor,just
asforthecasepreviously

Attainmentof

SincetunnelNo.2 is

mentionedofdifferentboundary-layer
*

EquilibriuminBlowdownTunnel

trips.

oftheblowdowntype,themeasurementsin
thattunnelwerealwaysmademder conditionsof slightheattransfer
totheairstream.Figuren(a) showsa typicaltimehistoryof the
wa12.temperatureTw expressedasa fractionofthereservoirtotal
temperatureTt (whichdecreasesattherateofabout4°F perminute).
Clearly,titerabout5 minutesTw/Ttbecameconstant.Thelimiting
value,0.94=0at M=. 3.4,impliesa recoveryratio(~ -Tm)/(Tt-Tm)
ofapproximately0.91whichis slightlyhigherthantheusualrecovery
factor(o.89to.ol)becauseofthesmallamountofheattransferpresent
evenafter ‘&/Ttbecsmeconstant.Thissmallheattransfer(walltem-
peraturewithin2 percentofrecoverytempe~ture)isbelievedtohave
a negligibleeffecton skinfriction.Onlyonesetofmeasurementswas
madeof CF asa functionoftime,withtheresultsshowninfig-
uren(b). Thesmallvariationprobablyisnotsignificant,since
2-percentvariationiswithinthelimitof experimentalerror.
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ComparisonofDataFromWindTunnels

AtMachnumbersnear2.0,measurementscouldbe madeintunnels
No.1 andNo.2 atoverlappingReynoldsnumbers.Thisprovidedanoppor-
tunityto comparedatatakenunderconsiderablydifferentconditions.
As notedearlier,theNo.1 tunnelisa relativelylow-turbulence-level
.twnnel(Re fortransitionon10°coneis 3.1x 108atMm= 2.0)of
continuous-operationtypeinwhichthemodelswerein thermalequilib-
rium. TheNo.2 tunnelisa relativelyhigh-turbulence-leveltunnel
(Re fortransitiononlOoconeis0.7x106 at Mm= 2.0)of theblow-
downtypeinwhichthemodelswerereleasingsmallamountsofheatto
thestream,as discussedabove.Thesecombineddifferences,however,
donotaffecttheobservedvelocityprofilesat Mm= 2,as isevident
fromfigure12(a).2 Likewise,thesedifferenceshaveno appreciable
effectonthemeasuredskin-frictioncoefficientat Mm = 2,as isevid-
ent fromfigure12(b).It isnotknownwhetherthesubsonicmeasure-
ments,obtainedonlyintheNo,2 tunnel,areaffectedby therelatively
highturbulencelevel.

EffectofPressureGradient

At a Machnumberof2.0,theflexible-platenozzlewallspurposely
weredistortedin ordertoobtainfrictiondatawithvariouspressure
distributionsalongthecylinder.Twosuchdistributions,froma total
ofthree,areshowninfigure13(a)plottedintheformofMachnumber
distribution.Thecorrespondingskin-frictiondataareshowninfig-
ure13(b).Evidently,theaverageturbulentskin-frictioncoefficient
atthisMachnumberisnotsignificantlyaffectedby variationsinpres-
sureof theamountsinvestigated.Itmaybe notedthatthethirddis-
tributioninvestigated(notshown)yieldedthesameskinfrictionto
withinabout2 percentasthetwodistributionsshoyn.It ispossible
thattheeffectonlocalskinfrictionat individud.pointsalongthe
cylinder,whichcouldnotbe measured,wasconsiderablygreaterthan
thesmallintegratedeffectonaverageskinfriction.It isalsopos-
siblethattheobservedinsensitivitytopressuregradientdoesnot
persisttoMachnumbersfarremovedfrom2.0becausethecoefficientof
thepressure-gradientterminthemomentumequationforboundarylayers
happenstovanishforturbulentflowatMachnumbersof about2.4(see
ref.55or15).

Mentionshoul.dbemadeofthefactthatthetwopressuredistribu-
tionsshowninfigure13(a)differfromeachotherby an amunt greater
thanthedifferencebetweenthenormalpressuredistributionsof the
2Bothvelocityprofilesshowninfigure12(a)weremeasuredat thetop
surfaceofthesurveymodel.In eachof thesecases,however,profiles
obtainedatthebottomsurfaceagreedwiththoseshown.

—..—. .— .—————.—— ..——.
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presentinvestigationanda constantpressure.Thisdifferencein
pressuredistributionis comparabletothedifferencesbetweenpressure
distributionsforthevariousexperimentsonflatplatestowhichcom-
parisonwiththepresentresultswillbe madesubsequently.Also,it
isnotedthatthetwopressuredistributionsshowndifferfromeach
otherby roughlythesameamountthatthepressuredistributionon a
3-percent-thickbiconvexairfoildiffersfroma constantpressure;or,
alternatively,by roughlythesameamountthatthepressuredistribution
on a parabolic-arcbodyofrevolutionoffinenessratio15 differsfrom
a constantpressure.Therangeofpressurevariationcoveredby the
presenttests,therefore,isof somepracticalsignificance.Sinceno
importanteffecton CF ofvariationsinpressuredistributionwas
obsened,theaverageskin-frictiondatatobe presentedlaterarecon-
sideredapplicablenotonlytotheidealcaseof constantpressurebut
alsotothinpointedairfoils.Suchdata,though,applyonlyapproxi-
matelytobodiesofrevolutionnothavinga constantdiametersince,in
suchcases,correctionsshouldbe madeto allowfortherelativethin-
ningoftheboundarylayeroveranexpandingnose(Manglertype,correc-
tion)andforthedeparturefromtwo-dimensionalityoveran aftersection
of thebodyduetotheboundary-layerthicknessbecomingcomparableto
thebodyradius(L~-Q-pecorrection).

Althoughthedeparturesfromuniformpressuredistributiondidnot
affectaverageskinfrictionsubstantially,theydidhavenoticeable
effectonthevelocityprofilesovera smallportionof thecylinder
downstreamofthecone-cylinderjuncture.Thisisillustratedinfig-
ure14whichshowsfiveprofilesatvariousstationsalongthecylinder.
In theregionneartheshoulder(stationO)wherethepressurevaries
mostrapidly,thevelocityprofileisfullerthanatdownstreamstations.
Thiseffectdoesnotpersistveryfardownstream,asmaybe seenfrom
thefigure.Littlecanbe saidaboutchangesin dimensionlessvelocity
profilesdownstreamof station2 exceptthattheywerenotgreaterthan
therandomdifferencesoftenobservedbetweentopandbottomsurveysat
a givenstation.Similarly,therateof growthofboundary-layerthick-
nessalongthecylindercannotbe accuratelyspecifiedbecauseofthis
sensitiveeffectofmodelmisalinementonthevelocityprofiles.

FINALRESULTSANDDISCUSSION

SkinFrictionforVariousValues
of L~, & andRe

TheprincipalresultsoftheinvestigationshowingCF asa func-
tionofvariousparametersarepresentedinfigures15,16,and17.
Thesefigureswillbe discussedtogetherintiewof theinterdependence
ofthevariousdata. Thefairingof curvesinfigure15hasbeeninflu- .
encedby thedataoffigure16. In figure16 theratio CF/CFifora

.
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givenReynoldsnuniberisplottedasa functionof Re. Thedatashown
aretypicalof slldataobtained.In somecases,thedatapointsindi-
catea smalldecreasein CF/CFiwithincreasingRe (e.g.,fig.16(d));
in othercases,a smallincreasewouldbeindicated(e.g.,thedatafor
L/I)=13at&= 2.5 infig.15wouldindicatesucha trendif -CF/CFi
wereplottedasa functionof Re);butinmostcases,no systematic
variationin CF/CFiwithRe is indicated.Thevariationssometimes
observedaresmallenoughtobe withinexperimentalerror.Consequently,
thecurvesinfigure15havebeenfairedtobe consistentwiththeresult
offigure16,indicatingno substantial.effectof Re onCF/CFioverthe
Re rangecoveredby a givenmodel.If the Re rangewereincreased
q times,a smalleffecton CF/CFimightbe expected.

In figure15,aswellas in allotherfigureswhereitisnotspeci-
fiedotherwise,thereferenceskin-frictioncoefficientcFi forzero
Machnumberarbitrarilyisdefinedas thevaluegivenby theK&l&l-
Schoenherrequationforflat-plateflow(CFi)KS. Thisarbitraryselec-
tionfromthemanysemiempiricalequationsfor-CFq wasmadeprimarily
because,at theReynoldsnumbersforwhichmeasw~~entsin compressible
flowareavailable,itprovidesresultsintermediatetotheresultsof
othercarefulevaluationsofincompressibleturbulentskinfriction.
(SeeAppendixforcommenton thispoint.) Discussionispresentedlater
asto a moreproperreferenceCFi forthepresentexperimentson
cylinders.

plOtS Of @cFi)K as a functionof ~ arepresentedinfigure
17(a)and17(b)forthe~‘&ee L/D valuesinvestigated.As notedinthe
figuresubtitles,figure17(a)presentsindividualdatapointsforcertain
nominalReynoldsnwibers;whereasfigure17(b)presentsvaluespicked
fromcurvesfatiedthroughmeasurementsat aU Reynoldsnumbersinvesti-
gated.Bothfiguresshowno largeeffectof cylinderlengthon C@.
Sincethemsdmumeffectobservedisonlyabouttwicetheestimatedexperi-
mentalerror,itisnotconsideredsignificantthata fewdatapoints,
especiallyinfigure17(a),appesrinconsistentwiththemainbodyof
data(fig.17(b))whichexhibitsthetrendof increasingskinfriction
withincreasinglength-diameterratio.Theincrementin

2
between

L/D= 8 =dL/D = 23 appearsroughlyconstantformostMa nunibers,
suggestingthatperhapsatMachnumbersoftheorderof~ orhighera
substantialpercentageeffectof L/DonCF mightexist.Thistrend
wouldbe consistentwiththeincreaseinboundary-layerthicknessatthe
higherMachnunibers,butitisby nomeanscertain,b viewofthefact
thatthe&Lfferencesobserved-areonlyabouttwicetheesttiatedexperi-
mentalerror.

Withregardtotheoreticalcalculationsoftheeffectof L/Don~,
it istobe notedthattheanalysesofJakobandDow (ref.w), Landweber
(ref.50),andEckert(ref.51)predictan increasein ~ withincreas-
ing L/D. TheanslysisofJakobandDow,whichassumesthattherateof
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lmundary-layergrowthalonga
plate,predictsapproximately
L/D= 23 as comparedto Lb
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cylinderis identicaltothatalonga
15-percentincreaseinfrictionfor “
= 8. TheanalysesofLandweberandEckert,

whichassumedthattherelationbetweenfrictioncoefficientandboun&-
layerthicknessisidenticalforcylinderandplate,predictonly1.5-
percentincrease.Thecorrespondingexperimentalresultfromthesub-
sonicmeasurementsisapproximatelya 4-percentincrease.Unfortunately,
thebasicassumptionsofthesetwoanalysescannotbe evsluatedfromthe
presentexperimentsbecauseofthepreviouslymentioneddifficultyofa
circumferentialvariationofboundary-layerthicknessofteriencountered
at a fixedlongitudinalstation.

Thusfar,thereferencevalueemplo~dfor CFi of cylindersisthe
K&m&n-Schoenherrvalueforflat-plateflow. It isnowapparentthatthe
correctreferencevaluefor CFi willdependsomewhaton the Lb ratio
of thecylinder.Consequently,thetrueeffectof ~ onCF fora given
L/D wouldhavetobe evaluatedby usingvaluesof CFi appropriatefor
eachvalueof Lb. Sufficientsubsonicmeasurementsweremadetoprovide
suchan evaluation.An experimentalvalue(CFi) of skin-friction

exp
coefficientforeachcylinderat Mm = O wasdeterminedfromthetwosets
of subsonicmeasurementsby applyinga correctiontoallowforthesmall
effectof compressibili~at subsonicMachnmibers.Thecorrectionwas
deteminedby averagingthepredictedvaluesof CF/CFi@ven by the
equationsofCope,TuckerII,andWilson,andamountedtoa 2.5-and6.1-
percentincreaseinthedatafor Mm = 0.51andl& = 0.81,respectively.
Thetwovaluessoobtainedwereaveragedforeachcylinder.Valuesof
(m~)e= deducedinthismannerfromthedataoffigure17(a)for L@
ratiosof8,13,and23 are2.5,0.2,and,-0>6percentlower,respec-
tively,thanthevaluepredictedby theKarman-Schoenherrequation.The
correspondingcorrectionsfromthedataoffigure17(b)are2.2,0.2Y
and-1.4percent,respectively.With(CFi)em sodetermined,plotsof

CF/(cFi)eQweremade. Resultsfromth~dataoffigure17(b)areshown

infigure17(c).Thereislittlescatterin thislatterplot(meandevi-
ationfromfairedcurvesisabout1 percent)andno clearlydiscernible
effectof Lb. Consequentlyjdatapointsforthevariousfineness
ratioswereaveragedat eachMachnumber.Theresultingvalues,tabu-
latedintablesIII(a)andIII(b),corresponding,respectively,todata
offigures17(a)and17(b),canbe compareddirectlywithflat-plate
data,inviewoftheabsenceof anyappreciableLb effecton
CF/(CFi)eQ*ThevaluesintableIII(b)areperhapsmorerepresentative
ofthemainbodyof experimentaldatathanthevaluesintableIII(a),
althoughthedifferencesarenotsignificant.!&bleIII(a)waspublished
previouslyinreference36.
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ComparisonofResultsWithOtherInvestigations

.

,.

In figure18twovelocityprofilesfromthepresentinvestigationon
cylindersarecompsredwitha velocityprofilefromColestmeasurements
(ref.15)ona flatplate.Theseprofilessrefor Mm= 2.0 andfor
Reynoldsmxibersnesr6 mil~on. It isseenthatthereisan appreciable
differencebetweentheprofilesforplateandcylinder,thecylinderpro-
filebeingthefullerofthetwo.

A compilationofresultsfromtheseveralexperimentsinwhichskin
frictionwasdeterminedby direct-forcemeasurementsispresentedin
figure19.s Here,again,theratioof compressibletoincompressible
skinfrictionisplottedas a functionofMachnumber.TheReynolds
numbersof thethreeexperimentsaresufficientlycomparable,inviewof
theresultsshowninfigure16,sothattheindicatedeffectofMachnum-
berisnotobscuredby suchdifferencesinReynoldsnumber.As notedin

&m&-SchoenherrCfifigure19,theK hasbeenusedas referenceforthe
dataof ColesandHakkinen;4whereasexperimentalvaluesofincompres-
siblefrictionhavebeenusedas referenceforthepresentdata.Because
of theuseofa differentreferenceCfi anda differenteffective
Reynoldsnumber(seeAppendix),thedatapointsrepresentingColes’~eri-
mentsinfigure19 areappreciably,thoughperhapsnotsignificantly,
differentfrompointsthatwouldbeobtainedbyplottingvaluestabulated

3Thedirect-forcemeasurementsofBradfield,DeCoursin,andBlumer
(ref.41)on conesarenotincludedinthisfigure.It isnoted,how-
ever,thatthesedataforconesindicatehigherfrictionthanthedata
infigure19. Thedirect-forcedataofLiepmannandDhawan(ref.38)
andWeilerandHartwig(ref.43),forwhichtheeffectiveoriginof
turbulencewasnotdetermined,alsoarenotshowninfigure19.

Inanearlierpaper(ref.36)Coles’uncorrecteddataofrefer-
ence39wereusedforcomparison,inasmuchashiscorrecteddatawere
notavailableatthetimeofthatwriting.Infigure19 Coles’data
havebeenreferredtoan averageeffectiveReynoldsnumberforreasons
explainedintheAppendix.

4AlthoughHakkinenmdesubsonicmeasurementsoflocalfriction,he did
notdeterminetheeffectiveReynoldsnumberfortheselow-speeddata.
HiseffectiveRe forthesupersonicdataisbasedon distancefrom
thepositionofmaximumshear,whichhe determined.

Thevalueof cfi correspondingto theK&rm&-Schoenherrequa-
tionis

0.557CFi
Cff=

0.557+2&

where cFi isas definedpreviously.

—.—— .-
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inreference15. Consequently,withoutsomecommenttheapparently
excellentagreementofColes’cf datawiththepresentCF datamight
be misleading.Forexample,Coles’datapointswouldbe loweredabout
2 percentiftheso-calledPrandtl-Schlichtingequationfor cfi were
used,butwouldbe raisedabout-3percentif theequationproposedby
Colesfor cfi wereused. Similarly,hisdatapointswouldbeeither
raisedorloweredtheorderof 4 percent,dependingonthevaluesof
effectiveReynoldsnuniberassignedtohisdata. Thus,theunusually
closeagreementindicatedinfigure19 canbe takenasmeaningforcer-
tainonlytheorderof*5-percentagreementbetweencflcfi~d CF/CFi>
althoughthetrueagreementmaypossiblybeascloseasthefigure
suggests.

13eyonda Machnumberofabout5, theabsenceof experimentaldata
renderstheestimationof skiqfrictionincreasinglyuncertainasthe
Machnumberisprogressivelyincreased.Perhapsa measureofthemini-
mumuncertain~involvedwouldbe thatindicatedby thedifference
betweentheestimatesmadeby CopeandTucker.Althoughitisnotshown
infigure19,thesetwoestimatesdonotdiffergreatlyfromtheexperi-
mentsbelow Mm = 5. ~eY divergeconsiderablyfromeachotherabove
Mm = 5,as illustratedinthefigure.CopeandTuckereachhaveadvanced
twoestimates;theparticularcurvesshowninfigure19representCopefs
‘log-law”analysisandTuckerls%nean-reference-temperaturenhypothesis,
bothofwhichhavebeenrecomputedforthecommonbasisof a recovery
facto~o~1, a 0.76-powervariationofviscositywithtemperature,and
theKarman-Schoenherrequationforincompressibleflow. Itmaybe noted
thatseveralotheranalyses(e.g.,Wilsonandl?rankl-Voishel)alsoagree
fairlywellwiththeskin-frictionmeasurementsbelow & = 5,andthat
manyothereqwtionseasilycouldbe constructedwhichwoulddolikewise.
Consequently,withoutexperimentalconfirmationof thebasicassumptions
involved,theagreementinendresultof anyoneofthevariousanalyses
withexperimentdoesnotnecessarilyrepresentanymorethanwouldbe
representedby agreementofan empiricalequationwithexperiment.

Infigure20a comparisonismadebetweenthemeancurvefromthe
direct-forcedataoffigure19andnumerouSothermeasurements(the
effectiveReynoldsnumbersforwhicharelistedintableV) whereinthe
averageskinfrictionwasdeterminedindirectlyfromboundary-layer
surveysusingtheconventionalmomentummethod.5Theagreementisnot
good.E&ceptforthepresentmeasurements,thesevariousmomentum-
methoddatahaveallbeenreferredtotheK&m&n-Schoenherrequation

5Experimentstiereinthetirtualoriginof turbulence,and,hence,the
effective-lengthReynolds-er, wasnotdeterminedexpetien~ are
excludedfromfigure20. Measurementsin thiscategoryare,forexsqple,
thetunnel-wald.measurementsofCope(ref.42}andWellerandHartwig
(ref.43). Also,thepreliminarymeasurementsofBloom(ref.47) have
beenexcludedbecauseofpossiblecondensationeffectsinhisexperi- .
ments.
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for @i. Excludingonepoint,themanymomentum-methoddeterminations
indicatehigherfrictionthanthedirect-forcedata. Thisparticular
point,fromthepresentexperimentsat Mm= 3.6,representsa single
detenuinationintheblowdown(No.2) tunnelat a singleReynoldsnunber.
Theaccuracyof thispointisnotlmcnrn.In contrast,thepointfrom
thepresentexperimentsplottedat M.= 2.0 representstheaverageof
manydeterminationson twodifferentmodelsinthecontinuous-operation
(No.1) Mel atvariousReynoldsnumbersbetween3tillionand10mil.-
lion,all.determinationsofwhichshowedfrom5-to10-percent-higher
frictiontlianthedirect-forcedata.Forthesemeasurementson cylinders,
anaverageofthesurveysontopandbottomofthecylinderwasemployed
inallcases,withthefrictionforcededucedfromthedifferencein
surveysat stationsO and7. Similarsurveysat intermediatestations
wereemployedto evaluatethesmalJ.correctionforpressuregradientin
themomentumintegrslequation.

Thereareat leasttwoadditionalreasonsforpdssibleerrorsinthe
conventionalmomentummethcdofdeterminingskinfriction,evenforflows
whereinthepresstieis constantandtransversesecondaryflowdoesnot
exist. First,thereadingofa pitottubenearthesurfacewherethe
greatestmomentumdecrementoccursisnotentirelycertainbecauseof
probeinterferenceandperhapsvibration;second,theconventionalmomen-
tummethodneglectsthecontributionoftheReynoldsnormalstressto the
momentumintegral.EsthatesofthislattercontributionmadebyRoss
(ref.56),forthecase Ma = O, indicatethattheconventionalmomentum
methodwouldyieldvaluesabout2 percenttoohigh. It isnotedthatthe
correctionfactorofRossinvolvesprincipallytheshapepsmmeter(ratio
ofdisplacementtomomentumthickness)whichgreatlyincreasesasthe
Machnumberincresses.

It shouldbe notedthata givenerrorin evaluatingtheeffective
Reynoldsnumberfornmmentum-methodCF dataresultsinnuchgreater
finalerrorthanfordirect-forcecf data. Thissituationarises
becauseRe entersdirectlyintotheordinateformomentum-methoddeter-
dnationsofaveragefriction(CF= 2Re/kc);whereasitentersonly
indirectlyasthelesssensitiveabscissafordirect-forcedeterminations
oflocalfriction.Forexample,a 10-percenterrorin Re easilymay
existformostmeasurementspresentedinfigure20,andthiswouldbring
aboutan8-percenterrorina momentum-methoddeterminationof CF/CFi;
whereasitwouldbringaboutonly2-percenterrorina direct-force
determinationof Cf/cft.

Direct-forcemeasurementsof skinfriction,on theotherhand,may
be slightlyinerrorifa smallfloatingelementis employedbecauseof
the“gapeffect”whichatpresenthasnotbeenpreciselyevaluated.This
effectisindicatedby theavailabledata(refs.15, 38, andh8)tobe
onlya fewpercent.Thepresentmeasurementson cylindersare,believed
tobe freeofanymch effect..Consequently,itappearsthatthe

——— -.
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conventionalmomentummethodisnotreliableforaccuratedeterminations
offriction.Theexactreasonsforthisunreliabilityhaveyettobe
established.

COI’WLUDINGREMARKS

Froma practicalviewpointtheprincipalresultsofthepresent
researchcanbe Bummarizedconcisely:(1)Theskin-frictioncoefficient
forcylindersinaxialflowisnotgreatlyaffectedlyvariationsin
cylinderlength-dismeterratio;(2)theratioof compressibleto incom-
pressiblefrictionisessentiallyindependentofReynoldsnuniberoverthe
rangeofpresentexperbnents;and(3) measurementsofaverageskinfric-
tionby theconventionalmomentummethodforthecaseof zeroheattrans-
ferandzeropressuregradientdonotagreewellwithdirect-force
measurements.

Althoughconsiderableattentionhasbeenpaid(especiallyin the
Appendix)to smalldifferencesthatprobablyareofmoreinterestto
researchworkersthantopracticalengineers,sightshouldnotbe lost
of thefactthat~eement betweenthevariousdirect-forcemeasurements
isquitesatisfactory,particularlyas regardstheeffectofMachnumber
on skinfriction.Thesmalduncertaintiesarisinginthecomparisonof
direct-forceskin-frictionmeasurementsfromseveralsourceshavestemned
primarilyfromthedifficultiesalwaysinvolvedin accuratelydetermining
an effective-lengthReynoldsnumberandin accuratelylmowingtheproper
referencevaluesforincompressibleflow. It isbelievedthatbothdif-
ficultiesmentionedhavebeenmetsatisfactorilyin thepresentexperi-
mentson cylinders:thefirst,by thelaborioustechniqueofmaking
boundary-layer~eys atupstresmstations; andthesecond,by making
measurementsat subsonicspeedsonthesameapparatusaswasusedfor
supersonicspeeds.

Apartfromtheaboveobservationsconcerningdetailedresultsofthe
investigation,thereareseverslremarksthatshouldbemadehereregsrd-
ingapplicationoftheresults.Itmightappearthatthedifficultyof
determiningan effective-lengthReynoldsnmibercouldbe avoidedby employ-
ingmomentum-thichessReynoldsnuniber(Ree)asthereferenceparameter.
In thisregsrd,however,cautionshouldbeexercisedbecauseofthedoubt
castontheaccuracyoftheconventionalmomentummethc-dby thedata
comparisonoffigure20. Uncertaintiesinthemeasuredmomentumdecrement
canarisebecauseofprobeinterference,particularlynearthewall,and
becauseoftheneglectofReynoldsnormal.stressesintheoften-used
relationsbetweenmeasuredmomentumthicknessandskinfriction.

Primarilybecauseof custom,theeffectofMachnumberon skinfric-
tionhasbeenpresentedfortheparticularconditionsof constant-length .
Reynoldsm.miberwhereinfree-stre-~viscosityis employedasreference
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viscosity.Comparisonwithzero-heat-transferflightdatashouldbe
viewedinthislightbecausetheratioofwalltofree-streamviscosity
isgreatlydifferentbetweenwindtunnelandflight,andbecauseexperi-
enceto datehasindicatedthewallviscosityofa turbulentboupdary
layertobe muchmoresignificantthanthefree-streamviscosity.It
ispossiblethatinthepredictionofflightcharacteristicsa more
properyetequallyconvenientreferenceviscosityforwind-tunnelmeasure-
mentswouldbe thewallviscositymultipliedby theratio- thatwould
existinflight- offree-streamtowallviscosity.On thisbasis,the
expectedeffectofMachnumberinreducingfrictioncoefficientsfor
flightconditionsof zeroheattransferwouldbe essentiallythesameup
toMachnumbersnear2,as isindicatedby figure19 of thisreport,but
wouldbe abouta 7-percent-greaterreductionata Machnumberofk, and
even~eaterreductionsathigherMachnumbers.Becauseof thiseffect,
andtheeffectthatmightbe expecteddueto significantdifferencesin
theratioof specificheatsbetweenflightandwind-tunnel-temperature
conditions,thedirectapplicationofwind-tunnelresultstoflightcon-
ditions,evenforthespecialcaseconsideredof zeroheattransfer,
shouldbe viewedwithreservationatMachnumbersnearoraboveabout4.
Futureresearchcouldbedirectedprofitablytowardfindingmethodsby
whichwind-tunnelmeasurementsofboundarylayersat suchMachnumbers
canbe utilizedwithconfidencetopredictflightcharacteristics.

AmesAeronauticalLaboratory
NationalAdvisoryCommitteeforAeronautics

MoffettField,Cal.if.,Dec.9,1953

.-—.—-———— —-— —.—— —
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APPENDIX

NOTESONDIJ?ITCUUTESINVOLVEDIN

VARIOUS~ OF

COMPARINGANDANALYZING

SKINFRICTCON

Theresretwofundamentaldifficultiesalwaysinvolvedinanalyzing
varioushigh-speedmeasurementsofskinfriction(and,presumably,heat
trsmsfer). Thefirstconcernsthereliabledeterminationofan effective
Reynoldsnuriberforcompletelyturbulentflow;suchdeterminationis
necessaryformeaningfuldatasincethelocationoftransitiondiffers
greatlybetweenvsriouswindtunnelsaswellasbetweenwind-tunneland
flightconditions.TheseconddHficultyconcernstheproperreference
valuesforfrictioninan incompressibleflow;suchuncertaintyisbecom-
ingconspicuousbecausethedifferencesinproposedformulasforfriction
at lowspeedsaregreaterthantheaccuracyor scatterofeitherColest
measuranentsorthepresentmeasurements.Accordin@y,somediscussion
ofthesetroublescnneitemsisinorder.

A goodillustrationofbothdifficultiesmaybe obtained,forexampley
by attemptingto comparetheeffectofReynoldsnumberontheratioof
compressibletoincompressiblefrictionasdeterminedfromthepresent
measurementsandfromColeslmeasurements.Themaximumrangeof Re
obtainableinthepresenttestsrepresentsa variationofabout4:1,over
whichno systematicvariationof ~/~i withRe couldbe detected.The
measurementsofColesrepresenta variationin Re ofabout15:1,though
at somewhatlowerReynoldsnumbers.Theconbinedsetsofdatafor
l&=2.50, as showninfigure!21(a),8covera variationin Re ofabout
X:l. OverthisrsngeColes’titsappearto indicatea smalldecrease
intheratioofcompressibleto incompressiblefrictionas Re is
increased.As isevidentframfigure21(b),however,thissmallvariation
islessthanthecertaintywithwhichthetruereferencevsluesfor ~
me now@own, sincetheuseofa differentreference tCfi,suchastha
proposedbySchultz-Grunow(ref.7),Schlichting(ref.57),orColes
(ref.15),yieldsresultsappreciablyclifferentfromresultsbasedonthe
K&m&-Schoenherrequation.It isdifficulttodeterminewhichreference
Cfi ismostappropriatetouse. Fromthefundamentalconceptsinvolved,
thesoundest,eq~tionistheoneusedbyColes,whichmightbe caQed,the
‘complete”@rman equationinasmuchas itwasfirstdevelopedby Karman
(ref.13)butcliffersfromthesimplifiedformusuallyassociatedwith
hisnsme. Thiscompleteequationisbasedsolelyonthetwoempirical
velocity-profilesimilaritylawsreferredto intheIntroduction.The

‘ColesTdataareplotted1.3percenthigherthanthecorrespondingtabu-
latedvaluesofreference15 inorderto converthisdata,whichwere
takenat & . 2.57,tothecommonvalue2.50usedinthisfigure.
Similarly,correctionsoflessthan1 percenthavebeenappliedtothe .
presentdatato convertthemto Mm= 2.50.
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difficul.tywiththisequationconcernsthemethodofevaluatingthe
fourconstmtswhich~pear init. Colesmadeanelaborateevaluation
oftheseconstantsfromvelocity-profilemeasurementsonly.BeforeColest
evaluationwasavailable,thewritersdeterminedthesamefourconstants
fromprofilemeasurementsofSchultz-Grunow(ref.7)andKlebanoff-Diehl
(ref.58),obtainingsignificmtlydifferentvsllues.Itwouldappear
bettertouseshearmeasurementstogetherwithvelocity-profilemeasure-
mentsinevaluatingsuchconstants.Thisapparentlyhasnotyetbeen
done.As a result,theequationproposedbyColesdoesnotagreeaswell
withtheavailabledirect-forcemeasurementsof cfi asdoes,forexample,
theequationofK&m&.n-Schoenherr.(AplotoftheK&mdn-Schoenherr
equationfor cfi onfigure1 ofColestthesis@Xl verifythis.)On the
otherhand,thepresentmeasurementsofaveragefrictionon cylinders
extrapolatedtotwo-dimensionalflow(L/D= O)yieldvaluesperhapsa
littleclosertoColesT~i thantotheK&&n- Schoenherr~i. Also,
therecentCFi measurementsofHughes(ref.3)sre”closertoColes’
evd.~tionof CFi thanto theK&m&n-Schoenherrequation.Allsuch
differencesareonlytheorderof*5 percentfroma mean,butthisis
considerablygreaterthantheapparenterrorofColes~measurements.It
isbelievedthata definitiveevaluationof cfiandCFi forflatplates
hasyettobe made.

Althoughtheuncertaintyofabout*5percentin theproperreference
cfi forflat-platedatapresumablycouldbe removedby somedefinitive
measurementsof skinfrictioninlow-speedflow,a secondobstacleremains
toa clear-cutcomparisonwithColes’datathatmaynotbe removedby
futuremeasurements:TheeffectiveReynoldsnuuiberdeterminationfor
Colestdataislesscertainthantheapparentaccuracyofhismeasurements
wouldwarrant.ThemethodColesusedin determiningtheabscissaof the
dataoffigure21(a)wastoemploytheobservedpositionofmxdmum
shearstress,fiichislocatedneartheendofthetransitionregion,as
thevirtualoriginofturbulence.Inasmuchas thedatapointsnotonly
areremarkablyconsistent,butrepresentthreeplate.locations,twotypes
of transition,andmanytunnelpressures,considerablecredencemustbe
attachedto thismethodof determiningan effective-lengthReynolds
number.However,a secondmethodemployed(andpreferred)by Colesto
determinethevirtualoriginyieldedsubstantiallydifferentresults,
correspondingtoabout6-percent-greaterskinfrictionat Jfm= 2.57,
andlessathigherMachnumbers.Thislattermethodinvolvedrelating
the cf(Re)curvesof compressibleandincompressibleflowina manner
(detailsaregiveninColes’thesis)suchthatan effective-length
Reynoldsnumbercouldbededuced.A thirdmethod,notemployedby Coles,
wouldbe toutilizethemeasuredshearon theupstreamfloatingelement
ofhisplateata giventunnelpressureto calculatethevirtualorigin>
andthentoapplythisto determinethevalueof Re tobe assignedto
shearmeasurementsondownstreamelementsat thesamepressure.In this
lattermethodan assumption,suchas theindependenceof cf/cfias

.—
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functionofReynoldsnumber,wouldbe required.DatapointsofColesfor
whichallthreeoftheabove-mentionedmethodscanbe appliedarepresented
intableIV. TheaverageofthethreedeterminationsofeffectiveReynolds
numbergiveninthelastcolumnhasbeenemployedforcomparisonswith
Coles’data(exceptinfig.21)since,intheopinionofthepresent
writers,thereisnodecisivechoicesmongthethreemethods.It isunfor-
tunatethatboundary-layersuxveyswerenotmadeatupstreamstationsalong
Colestplate,forsuchsurveyswouldmakecomparisonwiththepresentdata
andotherdatamorecertain.

—
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TABLEI.-LOCkTIONOFSURVEYSTATIONS

Surveystation

o
1

2

?
5
6
7

Distancefromconeapex,
in.
3.11
3.48
3.96
4.82
6.07
8.09
9*93

14.90

TABLEII.-TWENTY-FOURPOINTAPPROXIMATIONTO
PITOT-PRESSUREEQUJMTON

IPt‘-PP—
~ ;m2

T1.0000 1.0000

.9600 1.0146

.9100 1.0344

.8700 1.0515

.8300 1.0700

.7900 1.0901

I.7600 1.1060

).7000

.6700

.6400

.6100

.5800

.5500

.5200

.4goo

Pt‘-P

+

1.141.2

1.1606

1● 1818

1.2oko

1.2285

1.25M

1.283

1.3143

P
q

).4000

.3500

.2500

● 1900

● 1200

.0900

.0600

2
.

Pt‘-p

+

1.4131

1.k696

1.‘5791

1.6438

1.7174

1.7485

1.7791

1.8400
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!lMBLEIII.- VALUESOF ~/(CFi)eW FROMEXPERIMENTSOn

(~EP~ENT OF L/D FORRANGEMSTIGATED)

33

CYLINDERS

(a)Fromdataoffigure17(a) (b)Fromdataoffigure17(b)

M

0.51
.81

1.99
2*49
2.95
3.36
3.60

%h~)eq
0.985

●929
.745
.671
.623
.578
.551

M cF/(CFi)em

0.51
.81

1.99
2*49
2.95
3.36
3.60

0.994
.924
.757
.672
.630
.571
.552

TABLEIv.- mmcm REYNOLDSIwMBER(m =ONS)
FOREXPERIMENTSOF COLES

2.57
2.58
3.70
3.70
4.51
4.55
4.50
4.54

0.00181 6,600
.0016610,200
.00162 4,100
.00138

;;;:.00148
.00122 6,590
.00155 2,900
.00126 5,2ho

Uncorrected
Corrected

(a) Average
uex/ve Rel!Re2IRe~ ‘e

4.84 4.2 b60; 4*4 &c&
8.32 7.7 10.3 7.8
3.54 b2.6 4.0 (d) (;)
7.25 6.4 8.6 7.6 7.5
3.52 bl.8 3.6 (d) (c)
6.83 5.6 8.2 6.0 6.6
3*37 (e) 2.8 (d) (c)
6.91 (e) 6.2 6.1 (c)

Rel determinedfrompositionofmaximumshear(interpolated
fromref.15)
Rez determinedfrom Ro andcfi(Rei)relationship(ref~15)
Re~ determinedfromshesronupstreamelement,assuming
cf/cfiindependentofReynoldsnumber

bCorrectionexceeds25percentof Uex/Ve
cAverageofthreevaluesnotpossibleor consideredunreliable
-becauseoflargemagnitudeof correction
‘Flownotfullyturbulentoverupstresmelementatthispressure
%el notdeterminedlyColes

T

__——



34 NACATN 3097

TABLEv.- VALUESOF Re FORDA!I!AOFFIGURE20

Expertient I Re x 10-8 I MethodofdeterminingRe

Wilson I 10 I extrapolatee to zero

Spivack I E*5 I extrapolate13to zero

Rubesin-Msydew-Varga 7

Mona@an-Johnson 3

Brinich-Diacotis 3 to18

Ladenburg-BershaderI 2.7

8.6 at I& = 2.58
Coles 7.5 at & = 3.70

6.6 at & = 4.55

ratio cf/CFtakenas
averageofvarioustheo-
retictipredictions

extrapolatee to zero

extrapolatee e to zero

distancefromendoftran-
sitionasindicatedby
schlieren

averageofthreemethods,
seetableIV

Chapman-Kester 10 at ~.3.8,
3 to10 at

extrapolate8 to zero
I&= 2.0
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Figure1.-Resultsof variousanalysesof turbulentskin friction for compreasibk flow over an W
insulated flat plate.
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Figwe 5.- Probesemployedforboundary-layersurveys.
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Figure6.- Dimensionsofboundary-layertrips.
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Figure7.- Effectofvarioustripsontransitionasdeterminedby near-
‘surfacepitot-pressuremeasurement;&=2.9,Re=0.5x106perinch;
tunnelNo.2.
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Figure8.- Effectoftriponvelocityprofileat stationO (beginning
ofcylindricalsmfaceoverwhichskinfrictionwasmeas~ed);
&2.0, Re=O.&kxlOOperinch;tunnelNo.1.
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(b)Effecton skinfriction;L/D= 13.
Figure9.- Measurementswithvsrioustripsaloneandin combination:

&=2.O; tunnelNo.2.
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Figure10.- Measurementsof skinfrictionat subsonicvelocityusing
differentnoseshapes;&=o.81,L/l)= 8.
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(a) Surfacetemperature;*3. 4, Re=7.Px1080
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(b) Skin friction;M&2 .95,Re=9.5x106,L/’I)= 13.

Figure11.-Attainmentofnesr-equilibriumconditionsintunnelNo.2.
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(b)SkinfrictionfordistributionsA sndB.

Figure13.- Absenceof significanteffectofa moderatevariation
inpressuredistributiononaverageskin-frictioncoefficient;
L/D= 13;tunnelNo.1.
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Figure14.-Developmentofboundary-layerprofilealongcylindrical
surface;l&=2.0,Re=0.6&108perinch;tunnelNo.2.
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Figure I_8. - Compari80n of velocity profiles on cylinder and flat plate; ~@.0, Re=&lOe.
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